Functionalization of polymer-based carbon (SCS-3) and silica gel (SG60) by phosphoric acid at 800°C was investigated. It was shown that heat treatment of carbon and silica gel in the presence of phosphoric acid at 800°C provides a way of functionalizing materials with phosphorus-containing surface groups. Functionalization of the finished carbon occurs as a surface reaction while destruction of the silica gel structure was observed. Functionalization with phosphoric acid creates new acid surface groupsphosphorus-containing and oxygen-containing in the case of carbon and only phosphorus-containing in the case of silica gel. Enhancement of the amount of acid surface groups by functionalization improves the metal-ion binding properties of both carbon and silica gel.
INTRODUCTION
Together with the porous structure of carbon materials, surface chemistry is also a very important factor that determines their application as adsorbents, catalysts and/or catalyst supports (Leon y Leon and Radovic 1993; Radovic and Rodriguez-Reinoso 1995; Radovic et al. 2001) . Controlling the chemical composition of the surface and mastering its modification are critical issues for the development of high-performance carbon materials involving nano-structured carbons. The applications of surface functionalization range from altering the wetting or adhesion characteristics and improving the nano-tube dispersion (Tasis et al. 2006) to enhancing the catalytic properties and improving the oxidation stability of carbons (Radovic and Rodriguez-Reinoso 1995; Leon y Leon and Radovic 1993) . Oxidation is the most common reaction for carbon surface modification because it produces a wide range of functionalities including carboxylic acids, alcohols, aldehydes, ethers, lactones, epoxides, etc. (Boehm 1994 (Boehm , 2002 .
Our previous studies demonstrated that the phosphoric acid activation of polymer (Puziy et al. 1998 (Puziy et al. , 2002a (Puziy et al. -c, 2003 (Puziy et al. , 2007a and lignocellulosic (Puziy et al. 2005 (Puziy et al. , 2007b precursors produced carbons having not only a well-developed porosity but also considerable amounts of acid surface groups. These acid surface groups are responsible for cation-exchange properties and the adsorption of heavy metal ions (Puziy et al. 2004) . Hence, phosphoric acid applied to carbon precursor materials may be regarded as an efficient functionalizing agent. In this paper, we report investigations of the functionalizing ability of phosphoric acid towards finished materialsactivated carbon and silica gel.
EXPERIMENTAL

Materials
Two parent precursor materials were used in the present study. One was the polymer-based activated carbon SCS-3 obtained from styrene-divinylbenzene copolymer by carbonization and steam activation to 50% burn-off, particle size 0.5-1.0 mm (Puziy 1995; Kartel et al. 1991) . The other precursor material was a commercial silica gel for column chromatography SG60 (Fluka), particle size 0.063-0.2 mm. Functionalization was performed in the same manner as chemical activation with phosphoric acid as applied in previous studies to polymer (Puziy et al. 1998 (Puziy et al. , 2002c and lignocellulosic (Puziy et al. 2005) precursors. Briefly, the parent material was impregnated with 60% phosphoric acid to a desired acid/precursor ratio, dried in air and then heat-treated in an argon atmosphere at 800°C for 30 min. To remove any remaining phosphoric acid, the samples were extensively washed with hot water in a Soxhlet extractor until the wash water attained a neutral pH value. Such functionalized samples are abbreviated below by the suffix P800. The functionalized carbon SCS-3-P800 was compared with carbon SP800 obtained by phosphoric acid activation of the same styrene-divinylbenzene copolymer (Puziy et al. 2002c, d) . Functionalized silica gel SG60-P800 was compared with the parent silica gel SG60 and with silica gel heat-treated at 800°C in an argon atmosphere for 30 min (SG60-800).
Characterization
Photographic images were obtained via a Samsung NV3 digital camera employed in conjunction with a Biolam optical microscope (LOMO, St. Petersburg, Russia).
The surface chemistry of the functionalized materials was characterized by determination of the cation-exchange capacity (CEC) using the modified Boehm method (Boehm 1994; Puziy et al. 2002c ) while the surface charge density was obtained by a pH-titration method. Samples were titrated at 25 ± 0.1°C under an argon atmosphere using a Titroprocessor automatic titrator 672 combined with a 655 Dosimat instrument (Metrohm, Switzerland). Thus, a 5 g/l suspension of sample in 0.1 mol/l NaCl solution was titrated with 0.1 mol/l HCl or 0.1 mol/l NaOH. The hydrogen ion concentration was measured using a long-life pH glass electrode (Metrohm, Switzerland) . Prior to all experiments, a blank titration was employed to calibrate the EMF of the electrode to the hydrogen ion concentration. The surface charge density (C/m 2 ) was defined as the electric charge on the surface divided by the surface area, while the electrical charge was calculated from the difference between blank and sample titrations.
The point of zero charge (PZC) was determined from a plot of the charge versus the pH value. The hydrogen ion affinity distribution was calculated by solving the integral adsorption equation using the CONTIN method (Puziy et al. 2001 (Puziy et al. , 2002c ) and surface complexation model. The positive and negative branches of the surface charge curves were fitted separately to obtain the respective distributions of basic and acid sites.
The phosphorus content of the carbon samples was determined spectrophotometrically (Molybdenum Blue method) after dissolving the sample in a mixture of hot sulphuric and nitric acids, while the phosphorus content in the silica gel was obtained using an ElvaX energydispersive X-ray fluorescence analyzer (Elvatech, Ukraine).
The adsorption of Cu 2+ ions from 0.001 mol/l Cu(NO 3 ) 2 solution containing 0.1 mol/l NaCl as a background electrolyte was measured using a batch-wise technique (5 g/l suspension of sample). The pH value was adjusted by adding 0.1 mol/l HCl or 0.1 mol/l NaOH solutions. After equilibration for 24 h, the pH value was measured with a pH glass electrode and the Cu(II) concentration determined by titration with standard EDTA solution.
The porous structure was characterized by nitrogen adsorption isotherms acquired at -196°C using an Autosorb-6 gas sorption system (Quantachrome Instruments, Boynton Beach, FL, U.S.A.). Prior to measurements, the samples were outgassed overnight under a vacuum of 10 -4 Torr at 200°C. The BET surface area was obtained from adsorption points in the relative pressure range 0.01-0.1P/P 0 , while the pore-size distribution (PSD) was calculated via the NLDFT model (Ravikovitch and Neimark 2006) using NovaWin software. Micropore and mesopore volumes were obtained from the corresponding PSDs while the total pore volumes were calculated from nitrogen adsorption measurements at the highest relative pressure. The micropore and mesopore sizes were defined according to the IUPAC recommendation as w < 2.0 and 2 < w < 50 nm, respectively (Sing et al. 1985) . The errors involved in the BET surface area measurements and related pore volumes were less than 1-2%, being determined by the accuracy of the N 2 adsorption measurements.
RESULTS AND DISCUSSION
Surface chemistry
Heat treatment of samples impregnated with phosphoric acid caused a gain of 23% in the weight of carbon SCS-3, while a 20% decrease was observed for silica gel SG60. This observation implies that the functionalization of carbon occurred mainly as an addition reaction, while the weight loss for silica gel was caused by disruption of its structure brought about most probably by the formation of silica-phosphate products that could be further washed out with water (Iler 1979) . This difference between the interaction of phosphoric acid with carbon and silica gel was even reflected in the external appearance of the samples. Thus, functionalization with phosphoric acid had no effect on the visual appearance of carbon SCS-3, while silica gel was transformed from transparent granules into a white powder (see Figure 1 ).
Heat treatment of carbon SCS-3 in the presence of phosphoric acid led to the introduction of 3.5% phosphorus (see data listed in Table 1 ). The amount of phosphorus incorporated into the finished carbon SCS-3 was 2.5-times less than that introduced when the parent copolymer was activated by H 3 PO 4 (Puziy et al. 2002c) , even though the impregnation ratio was 1.5 for the carbon compared with 0.93 for the copolymer precursor. This implies that the polymer precursor was more prone to modification by phosphoric acid than the finished carbon SCS-3. The same thermal treatment with phosphoric acid introduced 3.8% P into silica gel (Table 1) .
Heat treatment of both carbon and silica gel in the presence of phosphoric acid gave rise to a considerable cation-exchange capacity (Table 1) indicating a pronounced change in the surface chemistry. Such modification most probably involves the introduction of phosphorus-containing surface groups into the parent material. In the case of carbon, oxidation by phosphoric acid should also be considered as likely route for the formation of oxygen-containing surface groups.
The cation-exchange capacity of the functionalized carbon SCS-3-P800 was only one-half that of the phosphoric acid-activated carbon SP800 obtained from the polymer precursor (Puziy et al. 2002c) . This shows that the finished carbon was less susceptible to reaction with phosphoric acid than the parent copolymer. The cation-exchange capacity of the functionalized silica gel was 1.5-times greater than that of carbon, thereby demonstrating a higher reactivity towards phosphoric acid despite some destruction of the structure. Plots of the surface charge density as a function of solution pH value are shown on Figure 2 . Hydrogen ion adsorption or release upon contact with the aqueous solution generates such a surface charge. It will be noted from the figure that as the pH value increased, the surface charge decreased from positive values (hydrogen ion association or adsorption) through zero (PZC) to negative values (hydrogen ion dissociation or release). Both the parent carbon and silica gel exhibited a neutral PZC over the pH range 6.3-8.1 (Table 2) . Functionalization with phosphoric acid significantly shifted the surface charge curves to negative values, implying increasing amounts of dissociated acid surface groups (Figure 2) . The PZC of both carbon and silica gel altered significantly at the same time, from near neutral to very acid values after treatment with phosphoric acid ( Table 2 ). The high surface charge density of both the parent and functionalized silica gels at pH > 10 is obviously due to the consumption of NaOH associated with the dissolution of silica materials.
Hydrogen ion affinity distributions of acid groups on the surfaces of the parent and functionalized carbon and silica gel are shown on Figure 3 . The distributions show a pronounced increase in the amount of acid surface groups after functionalization of both materials. The parent carbon SCS-3 exhibited only one type of acid surface group with a pK value of 9.9 which may be ascribed to phenolic groups. Heat treatment of the polymer-based carbon SCS-3 with phosphoric acid increased the amount of phenolic groups and gave rise to new groups with pK values of 2.87, 4.70 and 6.61, respectively [ Figure 3 (a) and Table 2 ]. The dissociation constants of the first and third surface groups (pK = 2.87 and 6.61) were close in value to the first and second dissociation constants of phosphoric acid [pK a1 = 2.12 and pK a2 = 7.21 (Vogel 1989) ]. This implies that these surface groups could be assigned, at least partly, to the phosphate group bound to carbon ≡C-O-PO(OH) 2 . Surface groups with pK = 4.70 may be ascribed to carboxyl groups. It should be noted that surface groups with pK = 6.61 could also be lactone (Boehm 1994 (Boehm , 2002 or carbonyl groups capable of producing enols via keto-enol tautomerism (Puziy et al. 2007b) according to:
Two types of surface groups exist on the parent silica gel as shown by the hydrogen ion affinity distribution [ Figure 3 (b), Table 2 ]. Obviously, the peak at pK = 9.08 corresponds to the dissociation of silanol ≡SiOH groups, whilst that at pK = 11.3 could be ascribed to the dissolution of silica gel. Both these peaks were present in the acid-group distribution of the functionalized silica gel SG60-P800. In addition to these peaks, two new groups with pK = 2.27 and 6.62 were induced by functionalization with phosphoric acid. In view of the close agreement between the CH 3 OH CH 3 H 3 C H 3 C O dissociation constants of these groups and those of phosphoric acid, they have been assigned to phosphate groups attached to the silica surface.
Binding of Cu 2+ ions
The occurrence of acid surface groups on phosphoric acid-functionalized materials implies their ability to bind metal ions. Figure 4 shows the pH dependence of Cu 2+ ion binding by the parent and functionalized carbon and silica gel. At low pH, the adsorption of Cu 2+ ions is virtually zero. However, with increasing solution pH value, the uptake of Cu 2+ ions increases. It will be noted that the pH value at which Cu 2+ ion adsorption becomes noticeable differs for different samples. The parent carbon SCS-3 showed appreciable Cu 2+ ion binding at pH values above 2.7, while pronounced Cu 2+ ion adsorption was observed on the functionalized carbon SCS-3-P800 at pH values higher that 1.7. It is interesting that both carbons showed marked Cu 2+ ion uptake at pH values lower than their corresponding PZCs, i.e. under conditions where the surface is positively charged and hence cation adsorption should be impeded. This phenomenon has been reported previously for the adsorption of Cd(II), Hg(II) and Cr(III) and has been explained as being due to an ion-exchange reaction between the delocalized protonated π-electrons of the graphene layer (-Cπ-H 3 O + ) and the metal ion (Sánchez-Polo and Rivera-Utrilla 2002; Rivera-Utrilla and Sánchez-Polo 2003). Functionalization of the polymer-based carbon significantly enhanced the adsorption of Cu 2+ ions. In acidic solutions with pH values in the range 2.0-3.5, the Cu 2+ ion uptake by the functionalized carbon SCS-3-P800 was substantially greater than that exhibited by the carboxylic cation-exchange resin KB-4 (analogous to Amberlite IRC 86) which contains a very high content of ion-exchange groups (10 mmol/g). It will be seen that, at pH values above 5.3, the adsorption process coincides with the precipitation curve obtained in the absence of the sample, implying that Cu 2+ ion binding could also occur via surface precipitation at these pH values. Comparison of the Cu 2+ ion uptake with the precipitation curve suggests that up to ca. 20% of Cu 2+ ion can be adsorbed on the parent carbon SCS-3 whilst up to 80% of Cu 2+ ion can be adsorbed on the functionalized carbon SCS-3-P800, both without precipitation [ Figure 4(a) ]. The adsorption of Cu 2+ ion on the parent silica gel was virtually zero, with the slight increase at pH values above 5.0 being ascribed to precipitation [Figure 4(b) ]. This is not surprising since the PZC of silica gel is greater than the pH value necessary for the onset of precipitation and accordingly there are no surface groups that can be deprotonated at these pH values. In a similar manner to carbon, the functionalization of silica gel significantly enhanced the Cu 2+ ion binding properties of sample SG60-P800. The uptake of Cu 2+ ions became noticeable at pH values above 3.0, i.e. slightly above the pK value of the first acid surface group of functionalized silica gel ( Table 2 ). This suggests the formation of a Cu 2+ -surface complex with the first surface group at a pH value in the range 3.0-5.0. At higher pH values, formation of the Cu 2+ -surface complex with the second surface group could also be accompanied by precipitation. However, despite their similar amounts of acid surface groups, the adsorption of Cu 2+ ions by the functionalized carbon was much higher than that attained by the functionalized silica gel. The reason for this behaviour is the occurrence of only one type of adsorption site on the silica gel surface, viz. surface functional groups, while two types of adsorption sites exist on the carbon surface, viz. surface functional groups and the -Cπ electrons of the graphene layer.
Porous structure
Nitrogen adsorption studies of carbon SCS-3 indicated a slight decrease in the uptake without altering the shape of the isotherm associated with functionalization [see Figure 5 (a)]. The BET surface area and the total pore volume decreased slightly (12-15%) as a result of functionalization with phosphoric acid, while the mesopore volume increased slightly (see data listed in Table 3 ). It should be noted that activation of the parent copolymer with phosphoric acid produced carbon SP800 (Puziy et al. 2002d ) which exhibited a considerably lower surface area and pore volume than the activated and then functionalized carbon, SCS-3-P800 (Table 3) . Pore-size distributions showed that functionalization slightly decreased the population of pores with diameters of ca. 1 nm but increased the volume of pores with diameters of 15 nm [ Figure 6(a) ]. The slight modification of the porous structure which occurs during functionalization provides evidence in favour of a mainly surface reaction between phosphoric acid and the surface of the finished carbon.
In contrast to carbon, the functionalization of silica gel dramatically decreased the amount of adsorbed nitrogen and significantly altered the shape of the isotherm [ Figure 5(b) ], thereby indicating considerable changes in the structure during reaction with phosphoric acid. The drastic reduction of the BET surface area (by 82%) and of the pore volume (by 46-52%) suggests that heat treatment of silica gel with phosphoric acid caused a significant destruction of the porous structure. A decrease in the specific surface area of silica gel during hydrothermal treatment has also been reported previously and ascribed to depolymerization and re-condensation of silica (Charmas et al. 2002) . However, the considerable changes in the porous structure brought about by functionalization cannot be attributed solely to thermal transformation because silica gel heattreated at 800°C in the absence of phosphoric acid (SG60-800) also exhibited a virtually identical BET surface area and pore volume to that of the parent material. The pore-size distribution [ Figure 6(b) ] indicates a transformation of the uniform porous structure (pore size of ca. 5 nm) for parent silica gel SG60 to a wide distribution (pores in the range 5-50 nm) for the functionalized silica gel SG60-P800. 
CONCLUSIONS
Heat treatment of carbon and silica gel in the presence of phosphoric acid at 800°C provides a means of functionalizing materials with phosphorus-containing surface groups. Functionalization of the finished carbon occurred as a surface reaction whereas destruction of the silica gel structure was observed. Functionalization with phosphoric acid created new acid surface groups -phosphorus-containing and oxygen-containing in the case of carbon but only phosphorus-containing in the case of silica gel. The increase in the amount of acid surface groups brought about by functionalization led to an improvement in the metal-ion binding properties of both the carbon and the silica gel. 
